Plant-animal mutualistic networks are interaction webs consisting of two sets of entities, plant and animal species, whose evolutionary dynamics are deeply influenced by the outcomes of the interactions, yielding a diverse array of coevolutionary processes. These networks are two-mode networks sharing many common properties with others such as food webs, social, and abiotic networks. Here we describe generalized patterns in the topology of 29 plant-pollinator and 24 plant-frugivore networks in natural communities. Scale-free properties have been described for a number of biological, social, and abiotic networks; in contrast, most of the plant-animal mutualistic networks (65.6%) show species connectivity distributions (number of links per species) with a power-law regime but decaying as a marked cut-off, i.e. truncated power-law or broad-scale networks and few (22.2%) show scale-invariance. We hypothesize that plant-animal mutualistic networks follow a build-up process similar to complex abiotic nets, based on the preferential attachment of species. However, constraints in the addition of links such as morphological mismatching or phenological uncoupling between mutualistic partners, restrict the number of interactions established, causing deviations from scale-invariance. This reveals generalized topological patterns characteristic of self-organized complex systems. Relative to scale-invariant networks, such constraints may confer higher robustness to the loss of keystone species that are the backbone of these webs.
I N T R O D U C T I O N
Networks of interactions depict the essence of community assembly: relationships among component species that can take an enormous diversity of patterns and outcomes (Thompson 1982) . However, we still have a limited understanding of the consequences of network patterns for ecosystem stability and evolution. Recent research on complex networks has revealed a striking invariance in their structure, with a frequency distribution of vertex connectivity (the number of links per node) that decays as a powerlaw (scale-free), broad-scale (i.e. truncated power-law distributions) or faster-decaying functions (i.e. exponential) (Amaral et al. 2000; Strogatz 2001) . These generalized patterns, specially the power-law (or scale-free) topologies lead to small-world patterns with important implications for the evolution, stability, and resilience to perturbations of these networks (Barabási & Albert 1999; Albert & Barabási 2002; Dorogovtsev & Mendes 2002) . In the ecological literature very few data with reasonable accuracy and completeness are available, but the small-world structure, with average path length between species increasing linearly with the logarithm of the number of species (Watts & Strogatz 1998) has been reported repeatedly (Montoya & Solé 2002; Williams et al. 2002; but see Camacho et al. 2002; Dunne et al. 2002b) . Both high clustering of species interactions (Montoya & Solé 2002) and low clustering (Camacho et al. 2002; Dunne et al. 2002b) were reported. However, the food-webs examined so far are community webs of directed links (Cohen 1978; Cohen et al. 1990; Pimm et al. 1991) illustrating the predominant patterns of trophic, predator-prey interactions, not including all types of web interactions in nature (mutualistic, parasite-host, facilitation, and commensalism interactions), best represented by bipartite graphs of species interactions (Jordano 1987) . We thus have only a limited sample of the complex Ecology Letters, (2003) 6: 69-81 and diversified patterns of interaction among species in natural ecosystems. Only by considering bipartite graphs (Strogatz 2001; Albert & Barabási 2002 ) -illustrating the interactions among species (nodes or vertices) in the two sets of animal and plant communities -can we address the potential for variations in network topology to influence coevolutionary processes in high-diversity mutualistic webs.
Plant-animal mutualistic interactions have a pervasive influence in community dynamics and diversity, where they play a central role in the reproduction of the plants and the life histories of the animals. In contrast to the complex food webs examined so far (Bersier et al. 1999; Dunne et al. 2002a; Williams et al. 2002) , plant-animal mutualistic networks embed not only the trophic relationships among mutualistic partners (Jordano 1987) , but also the complexities of the evolutionary effects on each other that drive coevolutionary processes (Thompson 1999) . Thus, a comparative analysis of the topology and patterns of interaction in these networks might shed light on invariant patterns with deep implications for the stability and coevolutionary dynamics of these mutualistic assemblages. For instance, are specialization-generalization patterns consistent among different communities irrespective of the ecological setting and the component species (Waser et al. 1996; Olesen & Jordano 2002) ? We address the following questions. (1) Are there shared patterns in the topology of plant-animal mutualistic networks, irrespective of whether they are pollination or seed dispersal networks? (2) Do these networks differ from highly complex abiotic and social (Ôreal-worldÕ) networks in topological properties? (3) What are the implications and biological causes for these patterns?
M E T H O D S
Here we examine the statistical properties of a large sample of well resolved plant-animal interaction networks, including 29 plant-pollinator and 24 plant-frugivore systems (Table 1, Appendix; for details see Jordano 1987 and unpubl. data; Olesen & Jordano 2002) , adding to the scarce data on community food webs (Dunne et al. 2002a,b; Montoya & Solé 2002) . Both pollination and seed dispersal are central stages in plant life, and in many species and habitat types they involve the mutualistic interaction with animal agents that transport pollen or seeds and benefit from plant rewards, such as nectar or fruit pulp (Futuyma & Slatkin 1983) . A plant-animal interaction network is here defined as an adjacency matrix R describing trophic and reproductive interactions between communities of P plant species and A plant-visiting animal species (either pollinators or seed dispersers) within a well-defined habitat:
where a ij ¼
1;
if P i and A j interact 0; otherwise ( Thus, this matrix has k nonzero elements (a ij ) wherever plants are pollinated or dispersed by flower-or fruit-visiting animals that harvest pollen, nectar or fruits. In contrast to the food web networks, made up by directed links among species, mutualistic interactions are two-mode networks with S ¼ P + A vertices and k i edges, or interactions, per vertex ( Fig. 1) . We examine the cumulative distributions P(k) of the number of interactions per species, k, fitting three different models: (a) exponential,
, where c is the fitted constant (degree exponent) and k x is the truncation value (see Fig. 2 ).
R E S U L T S
A selection of the model-fits to several representative plantanimal assemblages (Fig. 2) shows the predominant pattern of truncated power-law distributions (Table 1) , when fitted separately for the animal and plant species sets. Pollination and dispersal networks (considering both sets of animal and plant species together) differ in the frequencies of best-fitted model (v 2 ¼ 12.1, d.f. ¼ 3, P ¼ 0.005), pollination systems showing a higher than expected frequency of power-law fits due to the higher than expected fits of the animal pollinator distributions to this model (Table 1) . Good power-law fits to the data were frequent, especially in the range of 5-30 interactions per species (Fig. 2) , but then had a sharp cut-off for a higher number of interactions (Amaral et al. 2000) . The power-law fits simply describe a characteristic feature of the specialization-generalization levels in these communities: a large number of species with few interactions coexist with a relatively small number of super-generalists. If the network did not fit this power-law, or scale-free distribution (e.g. a random network), then a single value of k would characterize the distribution, thus having a characteristic scale (single-scale). The truncation of the power-law fits indicates that super-generalist taxa are rarer than would be expected were the network build-up with a scale-free distribution of the number of interactions per species (in the random network such super-generalist, heavily connected nodes, simply do not exist).
The c exponents for the power-law fits to the plant and animal distributions in pollination and dispersal networks differed significantly ( 
D I S C U S S I O N
Large, sparse networks, both biotic and abiotic, typically show scale-invariant topology, probably as a pervasive consequence of the dynamics of network build-up that involves properties of both growth and preferential attachment of new nodes (Barabási & Albert 1999; Albert & Barabási 2002) . The prevalence of truncated power-law and power-law fits to our data indicates that these two ingredients are involved in the evolution of mutualistic bipartite networks. Most food webs examined so far display single-scale distributions of k (Dunne et al. 2002b) . This result contrasts with the mutualistic networks examined here and could be related to the higher taxonomic resolution of the mutualistic webs (Bersier et al. 1999) , thus deserving further investigation. Biotic webs in natural ecosystems strongly differ from abiotic webs by the nature of the biological constraints that limit the possible links formed when species add up to the net. A scale-free topology automatically emerges whenever new species add preferentially to pre-existing ones with a probability proportional to the number of interactions of the target species (see Barabási & Albert 1999) . Highly diversified, non-symbiotic, mutualistic interactions among animals and plants involve the addition and loss of partners over evolutionary time (Thompson 1994) , contrasting with symbiotic mutualisms, where the interactions are much more fixed over time. However, we know very little about . For these two-mode networks (see Fig. 1 for examples of the bipartite graphs) the distributions of links, P(k), for the animal and plant species sets are given separately. Panels show the log-log plots of the cumulative distributions of species with 1, 2, 3, …, k links (dots), power-law fits (solid lines) and truncated power-law fits (dotted lines). The distributions depart in most cases from the power-law beyond cut-off values, k x .
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In seed-dispersal networks where the relative abundance of both animal and plant species have been quantified, k-values were significantly correlated with abundance (Jordano 1987) , suggesting that the process of abundancerelated addition of links is at work. If this were the only process of link addition and network build-up, we should expect generalized power-law distributions of interaction frequencies. Instead, we find over-represented the truncated power-law distributions, indicative of more homogeneous networks and less connected arrays of species. Finite size artifacts (Keitt & Stanley 1998) or constraints in the addition of links (Amaral et al. 2000) are two possible reasons. Despite the fact that broad-scale fits are shown by small networks (Table 1) , the two types of fit span the entire range of network sizes. This suggests that constraints for the addition of new links exist, resulting in the generalized broad-scale patterns.
Constraints for the establishment of new links chiefly arise from the biological attributes of the species: no link can be established between a plant and an animal mutualist differing in phenology, i.e. the seeds of a winter-ripening plant cannot be dispersed by a frugivore that is a summer stopover migrant (Jordano 1985) . In addition, the phenotypic traits of species, largely a product of their patterns of shared ancestry and phylogenetic relations, dictate generalization and specialization patterns, limiting the number of species in the community with which they actually interact. For instance, short-tongued pollinators cannot successfully reach the nectar in long-corolla flowers and pollinate them efficiently (Nilsson 1988; Johnson & Steiner 1997) . Constraints result in Ôforbidden linksÕ that a priori we cannot observe when assembling the pattern of [a ij ] AxP interactions ( Fig. 1) , Ôfiltering the informationÕ (Mossa et al. 2002) for potential nodes and limiting the growth of scale-free topologies. To our knowledge, no one has examined the causes beyond these forbidden links or unobserved interactions in natural communities, despite their relevance in dictating preferential attachment. For the Hato Ratón network (17 frugivore species and 16 fleshy-fruit producing plants in Mediterranean scrubland, Jordano 1987; unpubl. data) , we recorded 141 interactions out of P · A ¼ 272 possible; the remaining 131 (48.16%) were not observed. The phenological uncoupling of the plants' fruiting period and animal presence in the community accounted for 51.13% of these unrecorded links; size restrictions (uncoupling of fruit size and frugivore size causing inability to handle fruits) accounted for 23.66%; structural constraints of the plants (i.e. branch architecture or fruit display mode limiting accessibility to the fruits), 6.11%. The remaining 19.0% of the links not recorded were not assignable to a particular cause.
The forbidden links constitute a constraint on network growth that limits the preferential attachment, and explain the generalized truncation of the power-law behaviour that we document here for the first time (Fig. 2) . Our work in progress suggests that forbidden links are a universal property of ecological interaction networks. Most networks have cut-off degrees, k x < k (Fig. 2) giving rise to a gradient of variation from scale-free to broad-scale and to singlescale distributions (Table 1) . If those constraints on network evolution and build-up were general to the bipartite networks examined here, we should expect variation of the degree distribution (Fig. 2) to be independent of scale considerations (Keitt & Stanley 1998; Mossa et al. 2002) , i.e. of differences in S, degree of overall generalization in the participating species (< k >), and k. Most of the networks considered here, specially those that fit to power-law or truncated power-law distributions of links, collapse to a universal scaling form (Mossa et al. 2002) :
where k is the degree (number of links per species), f is the fraction of nodes ÔfilteredÕ, S is the number of species (nodes) in the network, and k x is the cut-off value. F( y) is approximately constant for y ( 1; and F( y) $ e -y for y )1 (Mossa et al. 2002) .
The plot of the scaled cumulative distribution k c P(k) vs. the scaled degree k ⁄ k x (Fig. 3) collapses reasonably well for these networks, with scatter due to the fact that the degree distribution incorporates sampling error and that characteristic small size (Table 1 ) hinders the precise estimation of statistical parameters (Albert & Barabási 2002) . Despite this, all networks cluster around the scaling function, revealing a shared pattern of internal topology independent of scaling considerations (Sugihara et al. 1989; Bersier & Sugihara 1997; Bersier et al. 1999; also see Melián & Bascompte 2002) .
Our results show that, in addition to ageing and costrelated constraints (two properties of evolving networks yielding truncation of the power-law fits; Amaral et al. 2000), information filtering imposed by the biological properties of plant-animal mutualisms limits the growth of these interaction networks due to the existence of forbidden links, and confers them a broad-scale behaviour. Broad-scaling suggest that, compared to abiotic networks with scale-free behaviour, these networks are very robust to the loss of keystone, highly connected nodes (species) which are the backbone of the interactions (see also Dunne et al. 2002a) . However, for two-mode networks like plantanimal mutualisms, this property also has important implications for coevolutionary processes in high-diversity assemblages because of the possibility for coevolved interactions to be re-shaped as individual species enter the assemblage or go extinct. Coevolved interactions within highly diversified non-symbiotic mutualisms are not simply ÔdiffuseÕ in these networks (Thompson 1994) , and result from more than simply an addition of pairwise interactions. They characteristically show broad-scale or scale-free distributions of the number of interactions per species, that define distinct generalization-specialization levels. Thus, no single value (scale) can be used to characterize how generalized or specialized is a particular mutualistic assemblage. Despite their obvious heterogeneity, these diverse two-mode networks share invariant topological patterns typical of larger complex systems capable of selforganization, a property with far-reaching implications for the coevolution of interactions and the conservation of plant-animal mutualisms. Our understanding of coevolutionary processes in highly diversified communities will rest on a solid knowledge of the network structure of these interactions. 
